INTRODUCTION
Exposure to the environmental light cycle is essential for stable entrainment of circadian rhythms in mammals. Photic information necessary for entrainment is communicated to the circadian clock, the suprachiasmatic nucleus (SCN), via a direct projection from retinal ganglion cells that use glutamate as a primary transmitter (15, 25, 34, (37) (38) (39) 44) . In rats, a subpopulation of these axons express the low-affinity p75 neurotrophin receptor (p75NTR) (6, 36, 49) . The terminals of these axons form a dense plexus which is confined to, and completely overlaps, the core region of the SCN (3, 26, 27, 36) . This region contains lightresponsive retinorecipient neurons that express N-methyl-D-aspartate (NMDA) and non-NMDA glutamate receptors (15, 34) and are immunoreactive to vasoactive intestinal polypeptide (VIP) and calbindinD28k (CaBP), both of which have been implicated in the mechanism of photic entrainment of circadian rhythms (2, 8, 29, (45) (46) (47) (48) . The close association of the p75NTR-immunoreactive plexus with neurons involved in entrainment suggest a role for p75NTR in the transmission of entraining photic information to the SCN. Previous studies have indicated a role for p75NTR in several neuronal functions, including retrograde transport of neurotrophins and the modulation of high-affinity neurotrophin receptors (7, 12, 13) . Surprisingly, however, although there is some evidence that photic input to the SCN might be modulated by neurotrophic factors (5, 26, 31-33, 40, 50) , little is known about the specific role of p75NTR in these processes.
We have found that neonatal treatment with the retinal neurotoxin monosodium glutamate (MSG), which prevents the effect of constant light on circadian rhythms (16, 17) , but, importantly, has no effect on entrainment to light cycles (9 -11, 16, 17, 42) , dramatically reduces the expression of p75NTR immunoreactivity within the SCN (3) . This treatment also abolishes p75NTR immunostaining in the olivary pretectal nucleus (OPT) and intergeniculate leaflet (IGL) (3), retinorecipient structures implicated in the modulation of photic input to the SCN (37) . Together, these data suggest either that the integrity of a very small proportion of the p75NTR-bearing retinal neurons are sufficient to maintain circadian function or that SCN afferents that express p75NTR play no role in normal circadian physiology. To investigate these possibilities further, in the present study we examined the effect of using the immunotoxin 192 IgG-saporin (SAP) to selectively target p75NTR-containing neurons and afferents of the SCN on circadian physiology. SAP is used widely to selectively lesion p75NTR-expressing neurons in the brain (51, 52) , and microinjections of SAP into the third cerebral ventricle were found recently to completely abolish p75NTR immunostaining in the SCN (35) . We used this approach in the first of the experiments described below. Because we found that third-ventricle SAP injections resulted in widespread hypothalamic damage in a proportion of the animals, in a second experiment, we also assessed the effect of SAP microinjections into the SCN region. The effect of both ICV and intrahypothalamic SAP microinjections on photic entrainment of circadian rhythms, the expression of p75NTR and CaBP immunoreactivity and light-induced Fos expression in the core region of the SCN were assessed.
MATERIALS AND METHODS

Animals and Behavioral Procedure
All experimental procedures followed the guidelines of the Canadian Council on Animal Care and were approved by the Animal Care Committee of Concordia University. Male Wistar rats (250 -300 g, Charles River Canada, St. Constant, Québec) were housed individually in cages equipped with running wheels and had free access to food and water. Each cage was placed in a ventilated sound-and light-tight box equipped with a computer-controlled lighting system. All rats were housed in complete darkness (DD) for 10 to 20 days and their activity rhythms were monitored continuously using VitalView software (Mini Mitter Co, Sun River, OR) as previously described (3). They were then treated with SAP (see below) and returned to DD. Following recovery in DD, the rats were exposed to a 12-h:12-h light-dark (LD) cycle (light: 300 lux at cage level) or constant bright light (LL, 300 lux, for 15-30 days). They were then reexposed to DD and entrained to a 0.5-h:23.5-h LD cycle. The rats were perfused 30 min after the offset of the entraining light pulse and their brains were processed for p75NTR, CaBP, and Fos immunocytochemistry. Circadian wheel running activity rhythms were analyzed with ActiView software (Mini Mitter Co, Sun River, OR) and displayed in double-plotted actograms using Circadia software.
Intracerebroventricular 192 IgG-Saporin Injections
Animals were pretreated with an intraperitoneal (ip) injection of atropine sulfate (0.12 mg/animal) and anesthetized with sodium pentobarbital (65mg/kg ip). Anesthetized rats were placed into a stereotaxic apparatus, their scalps incised, and their skulls exposed. A small hole was drilled and a 31-gauge stainless steel cannula was inserted at the following coordinates: AP: Ϫ1.2 mm; L: Ϯ0 mm; V: Ϫ8.5 mm from dura (flat skull coordinates). 192 IgG-saporin (Chemicon, Temecula, CA) was diluted with 0.9% saline and a dose of 2.5 g of the drug was injected in a 4-l volume (n ϭ 33) as previously described (35) . The injection was performed with a 10-l Hamilton syringe connected to the cannula with polyethylene tubing at a rate of 1 l/min. The cannula was left in place for an additional 20 min to ensure proper diffusion of the toxin. The cannula was withdrawn, the hole was sealed with bone wax, the skin sutured, and the animals received an intramuscular injection of penicillin (7500 U of each of the following: benzathine penicillin G and procaine penicillin G). Sham animals (n ϭ 6) underwent the same procedure except that a volume of 4 l of 0.9% saline was injected.
Intrahypothalamic 192 IgG-Saporin Injections
Animals were pretreated with an ip injection of atropine sulfate and anesthetized with sodium pentobarbital (65 mg/kg). Anesthetized animals were placed into a stereotaxic apparatus, their scalps incised, and their skulls exposed. Two small holes were made 1.2 mm apart at an equal distance from the midline. A 28-gauge double cannula system (distance between the two cannulae 1.2 mm; Plastic Ones, Roanoke, VA) with a 31-gauge internal injector extending 1.0 mm from the tip of each cannula was aimed to the dorsal surface of the SCN using the following coordinates: AP: Ϫ1.2 mm; L: Ϯ0.6 mm; VM: Ϫ8.5 mm from dura (flat skull coordinates). A dose of 200 ng of SAP in a total volume of 1 l was injected on each side at a rate of 0.2 l/min (n ϭ 15). The cannula system was left in place for an additional 10 min to prevent backflow. The cannula system was withdrawn, the holes were sealed with bone wax, the skin was sutured, and the animals received an intramuscular injection of penicillin as above. Sham animals (n ϭ 7) underwent the same procedure except that a volume of 1 l of 0.9% saline was injected on each side.
Tissue Preparation
Deeply anesthetized rats were perfused intracardially with 300 ml of cold saline (0.9% NaCl) followed by 300 ml of cold, 4% paraformaldehyde in a 0.1 M phosphate buffer (pH 7. were obtained from each brain using a vibratome. For each animal, one-third of the sections from each region were used for p75 NTR immunocytochemistry, one-third for CaBP immunocytochemistry and one-third for Fos immunocytochemistry.
p75 NTR and CaBP Immunocytochemistry
Free floating sections were washed in cold 50 mM Tris buffered saline (TBS; pH 7.6) and incubated for 48 h at 4°C with a mouse monoclonal antibody against either CaBP (Sigma) or p75NTR (Chemicon, Temecula, CA), as previously described (2, 3) . Briefly, the antibodies were diluted 1:20,000 (CaBP) and 1:30,000 (p75NTR) with a solution of 0.3% Triton X-100 in Trisbuffered saline (TBS) with 1% normal horse serum. Following incubation in the primary antibody, sections were rinsed in cold TBS and incubated for 1 h at 4°C with a rat-absorbed biotinylated antimouse IgG made in horse (Vector Labs, Burlington, Ontario, Canada) and diluted 1:200 (CaBP) and 1:66 (p75NTR) with 0.3% Triton X-100 in TBS with 1% normal horse serum. Following incubation with secondary antibody, sections were rinsed in cold TBS and incubated for 2 h at 4°C with an avidin-biotin-peroxidase complex (Vectastain Elite ABC Kit, Vector Labs). Following incubation with the ABC reagents, sections were rinsed with cold TBS, and rinsed again with cold 50 mM Tris-HCl (pH 7.6) and again for 10 min with 0.05% 3,3Ј-diaminobenzidine (DAB) in 50 mM Tris-HCl. Sections were then incubated on an orbital shaker for 10 min in DAB/Tris-HCl with 0.01% H 2 O 2 and 8% NiCl 2 . After this final incubation, sections were rinsed in cold TBS, wet-mounted onto gel-coated slides, dehydrated through a series of alcohols, soaked in xylene, and cover-slipped with Permount (Fisher).
Fos Immunocytochemistry
Free-floating sections were washed in cold TBS and incubated at room temperature for 30-min in a quenching solution consisting of TBS and 30% w/w H 2 O 2 . Following the quenching phase, sections were rinsed in cold TBS and incubated for 1 h at room temperature in a preblocking solution made of 0.3% Triton X-100 in TBS and 3% normal goat serum. Following the preblocking phase, sections were transferred directly into a rabbit polyclonal antibody recognizing residue 4-17 of the Fos protein (Oncogene Science, Boston, MA). The antibody was diluted 1:150,000 with a solution of 0.3% Triton X-100 in TBS with 3% normal goat serum. Sections were incubated for 48 h at 4°C. Following incubation in the primary antibody, sections were rinsed in cold TBS and incubated for 1 h at 4°C with a biotinylated antirabbit IgG made in goat (Vector Labs), diluted 1:200 with 0.3% Triton X-100 in TBS with 2% normal goat serum. Following incubation with secondary antibody, sections were rinsed in cold TBS and incubated for 2 h at 4°C with an avidin-biotin-peroxidase complex (Vectastain Elite ABC Kit, Vector Labs). Following incubation with the ABC reagents, sections were rinsed with cold TBS and rinsed again with cold 50 mM Tris-HCl (pH 7.6) and again for 10 min with 0.05% DAB in 50 mM Tris-HCl. Sections were then incubated on an orbital shaker for 10 min in DAB/Tris-HCl with 0.01% H 2 O 2 and 8% NiCl 2 . After this final incubation, sections were rinsed in cold TBS, wet-mounted onto gel-coated slides, dehydrated through a series of alcohols, soaked in xylene, and cover-slipped with Permount (Fisher).
Immunocytochemistry Data Analysis
Stained brain sections were examined under a light microscope and images captured using a Sony XC-77 video camera, a Scion LG-3 frame grabber, and NIH Image software The intensity of p75NTR immunostaining was evaluated qualitatively using staining intensity in control rats as a reference. Cells within the SCN core immunopositive for CaBP and Fos were counted manually using the captured images. For each animal the score used in the analysis was the mean number of immunopositive cells obtained from the three sections through the SCN core exhibiting the highest number of counts. Differences between groups were revealed with one-way analysis of variance (ANOVA). Post hoc comparisons were conducted using Scheffé tests and the ␣ level was set at 0.05 for all analyses.
RESULTS
Circadian Behavior after ICV SAP
ICV injections of SAP resulted in three different circadian activity patterns. Of the 33 SAP-treated rats, 13 became completely arrhythmic within 3-5 days following injection (Fig. 1a) . These rats remained arrhythmic until the end of the study and failed to respond to entraining light cycles. The other 20 SAPtreated rats remained rhythmic, entrained normally to LD cycles, and displayed typical disruption of circadian behavior in LL (Fig. 1b) . Significantly, of the 20 rhyth- mic rats, 6 displayed a sharp and permanent shortening of about 60 min in their free-running period length within 5-10 days following treatment (Fig. 1c) . ICV saline injections did not affect rhythmicity or entrainment (n ϭ 6). ANOVA performed on period length before and after treatment revealed a significant effect of group [SAL, SAP-arrhythmic, SAP-normal period, and SAP-short period; F(3, 36) ϭ 14930, P Ͻ .0001] and a significant treatment effect [pretreatment vs posttreatment; F(1, 3) ϭ 30934, P Ͻ .0001]. 
FIG. 3.
Photomicrograph showing examples of p75NTR immunostaining in the SCN, nucleus of the diagonal band (NDB), basal forebrain (BF), intergeniculate leaflet (IGL), and olivary pretectal nucleus (OPT) from a rat injected ICV with SAP that remained rhythmic following treatment (ICV SAP/normal) and from a SAP-treated rat that exhibited a sharp shortening of the free-running period following treatment (ICV SAP/short). Magnification ϭ ϫ10.
p75NTR Immunostaining after ICV SAP
All arrhythmic rats exhibited large hypothalamic lesions which included the entire SCN and optic chiasm. In all cases, the boundary of the lesion exhibited dense staining for p75NTR, consistent with the presence of extensive vascularization in the lesioned area (Fig. 2) . Immunostaining for p75NTR in the BF and NDB, believed to be extraretinal sources of p75NTR in the SCN (6), was minimal in all arrhythmic rats (Fig.  2) . Likewise, the OPT and IGL, retinorecipient structures which project to the SCN (37) and which normally stain heavily for p75NTR, were only moderately stained (Fig. 2) . SAP-treated rats which exhibited normal circadian periods in DD and which responded to entraining LD cycles had only small hypothalamic lesions, and, significantly, in all cases the bulk of the SCN remained intact. Immunostaining for p75NTR in the SCN was completely abolished and the pattern of p75NTR immunostaining outside the SCN in these animals was similar to that seen in rats with large lesions (Fig. 3) . SAP-treated rats which showed a shortening of the circadian period had lesions similar in extent and localization to those showing normal circadian periodicity and also displayed reduced staining within the BF, NDB and IGL, and moderate to heavy stain in the OPT. Immunostaining for p75NTR in the SCN was abolished (Fig. 3) .
CaBP and Fos Immunostaining after ICV SAP
Animals with large lesions that became arrhythmic were excluded from this part of the analysis. The number of CaBP-immunopositive neurons in the SCN of SAP-treated rats that exhibited shorten circadian period was significantly lower than that seen in treated rats that displayed normal periods, and, overall the SCN of SAP-treated rats contained fewer CaBP immunoreactive cells than saline-treated rats [F(2, 14) ϭ 45.699, P Ͻ .0001] (Figs. 4 and 5) . Light-induced Fos was noted in the SCN of all rats (Fig. 4) , however, SAP-treated animals had lower levels of light-induced Fos when compared to controls [F(1, 13) ϭ 9.395, P Ͻ .01] (Fig. 5) .
Circadian Behavior and Hypothalamic Integrity after
Intrahypothalamic SAP All 15 rats given bilateral intrahypothalamic injections of SAP remained rhythmic and entrained to LD cycles. Of these, only 1 animal displayed shortened free-running period. Intrahypothalamic SAP produced small localized lesions marked by intense vascularization in 11 of the 15 rats. Importantly, however, none of the rats displayed lesions which caused bilateral damage to the SCN. Intrahypothalamic injections of saline did not affect rhythmicity or entrainment (not shown).
p75NTR, CaBP, and Fos Immunostaining after
Intrahypothalamic SAP (Figs. 6 and  7) . Immunostaining in extra-SCN regions was largely unaffected (Fig. 6) . Overall, intrahypothalamic injections of SAP reduced CaBP immunostaining [F(2, 17) ϭ 17.7, P Ͻ .0001] but had no effect on lightinduced Fos expression in the SCN [F(1, 10) ϭ 1.973, ns] (Figs. 7 and 8) .
Bilateral intrahypothalamic injections of SAP abolished p75NTR immunostaining in the SCN
DISCUSSION
These studies demonstrate that rats with complete depletion of p75NTR immunostaining in the SCN and intact or only partially damaged SCN were rhythmic, responded normally to entraining light cycles, and exhibited light-induced Fos expression in the SCN. These results confirm and extend those of our previous studies showing that neonatal treatment with MSG almost completely diminished p75NTR immunostaining in the SCN, but had no effect on photic entrainment (3, 16, 17) . Together, these data indicate that the expression of p75NTR in the SCN is not required for the transmission of entraining photic information to the SCN. Our findings contrast with those showing that mice with a targeted deletion of the p75NTR gene show an attenuation in light-induced phase shifts of circadian rhythms (18) . However, the full extent of this mutation; its developmental impact; and, most importantly, its effect on normal photic entrainment have not yet been clarified.
The results of the current study shed important new light on the pathways through which neurotrophic factors might modulate the circadian clock. Recently, it has been shown that the neurotrophic factor, brainderived neurotrophic factor (BDNF) modulates photic input to the SCN and may be involved in the mechanism responsible for gating the temporal sensitivity of the circadian clock to light (31) . Furthermore, it has been shown that retinal axons innervating the SCN express the high-affinity tyrosine kinase B (Trk-B) neurotrophin receptor (32) and that endogenous BDNF signaling via this receptor modulates photic input to the SCN (31, 33) . Interestingly, based on the apparent overlap in immunostaining for Trk-B and p75NTR in the SCN, it has been proposed that p75NTR modulates BDNF signaling via Trk-B in the SCN, as has been described in several neuronal systems, including the visual cortex and retina (31, 32) . The results presented here indicate that the effect of BDNF on the transmission of photic information to the SCN probably does not require p75NTR-mediated signaling. Nerve growth factor (NGF) also binds to Trk-B receptors as well as p75NTR, and, in hamsters, intra-SCN microinjections of NGF have been shown to induce phase shifts in free-running rhythms (5). The current results suggest that as with BDNF it is unlikely that these effects are mediated through p75NTR.
In the present study we used SAP to directly destroy p75NTR-expressing elements in the SCN. This approach was based on reports that a similar treatment abolished p75NTR immunostaining in the SCN without affecting neurons immunoreactive to VIP (35) . In view of this and of other reports that SAP has a selective effects on p75NTR-bearing neurons, it is puzzling that in many of our animals ICV injections of SAP produced hypothalamic damage that was often quite extensive. Other recent studies, however, have shown that SAP injections into regions of the brain rich with p75NTR-bearing neurons, such as the basal forebrain, produce local structural damage similar to that observed in the present study (41) . As might be expected, SAP-treated rats with hypothalamic lesions extending to the entire SCN and optic chiasm rapidly became arrhythmic, whereas rats with only partial damage remained rhythmic and responded normally to entraining light cycles. Surprisingly, a proportion of the rhythmic rats with partial SCN lesions exhibited a sharp and sustained decrease in the length of the freerunning period. Overall, we could detect no consistent relationships between size and/or location of lesions and length of circadian period in DD. Thus these parameters provide no satisfying explanation for this behavioral outcome. One interesting possibility, however, is that the effect of SAP on circadian period is linked to its effect on CaBP expression in the SCN. We found that, as a group, rhythmic rats that exhibited short circadian periods following ICV SAP had significantly fewer CaBP neurons in the SCN compared to rats with unaltered circadian period. The CaBP subnucleus within the core region of the SCN has been shown to play a key role in circadian rhythm generation and photic entrainment in hamsters (8, 29, 48) and has been implicated in period determination in this species (30) . Interestingly, however, whereas the present results point to a positive relationship between the number of CaBP-expressing cells and period length, data from hamsters suggest that period length is inversely related to the number of CaBP-bearing neurons in the SCN (30) .
The current data strongly suggest that p75NTR-bearing retinal afferents are not necessary for transmission of entraining photic information to the SCN. The neurochemical identity of the afferents that do play a role remains unresolved. Recent studies have shown that a proportion of retinal afferents mediating photic input to the SCN in rats contain pituitary adenylate cyclase-activating polypeptide (PACAP) and, in addition, express the photopigment melanopsin, a putative circadian photoreceptor (4, 19 -21, 24) . PACAPcontaining retinal afferents appear to play multiple roles in the transmission of photic information to the SCN. Photic stimulation induces Fos expression in PACAP-containing retinal ganglion cells both during the day and at night (22) . PACAP, administered in nanomolar concentrations, mimics the phase-shifting effect of light on circadian activity rhythms as well as the effect of glutamate on neuronal activity rhythms and clock gene expression in the SCN (1, 23, 43) . At micromolar concentrations PACAP modulates the effect of glutamate on neuronal activity rhythms in the SCN (14) . Furthermore, PACAP administration has been shown to induce phase shifts in vitro in SCN neuronal activity rhythms during the day, when neither light nor glutamate are effective (19) . An interesting and possibly related finding is that chronic infusion of BDNF into the SCN of rats promotes light-induced phase shifts during the day when endogenous BDNF is normally low (31, 33) . Such a finding might suggest that BDNF modulates activity in PACAP-containing retinal afferents. A stimulatory effect of PACAP on Trk-B receptor activity in hippocampal neurons has been described (28) . Based on the above results and those obtained from the current study one would predict that PACAP-and melanopsin-containing retinal afferents express Trk-B but not p75NTR and, furthermore, that they are resistant to the neurotoxic effect of SAP and neonatal MSG treatment. Indeed, a recent study indicates that neonatal MSG treatment reduces, but does not completely abolish, PACAP immunostaining in the SCN in rats (22) .
In conclusion, our findings show that the expression of p75NTR immunoreactivity in SCN is not required for photic entrainment of circadian rhythms. Because the retina is known to be the main source of p75NTR immunoreactivity in the SCN, we propose that the absence of p75NTR expression might be a defining feature of the population of retinal afferents that mediate photic entrainment in rats. This information can be used to further identify photoreceptors and elements and processes within the SCN critical for photic entrainment of mammalian circadian rhythms.
